The ability to rapidly identify and quantify a microbial strain in a complex environmental sample has widespread applications in ecology, epidemiology, and industry. In this study, we describe a rapid method to obtain functionally specific genetic markers that can be used in conjunction with standard or real-time polymerase chain reaction (PCR) to determine the abundance of target fungal strains in selected environmental samples. The method involves sequencing of randomly cloned AFLP (amplified fragment length polymorphism) products from the target organism and the design of PCR primers internal to the AFLP fragments. The strain-specific markers were used to determine the fate of three industrially relevant fungi, Aspergillus niger, Aspergillus oryzae, and Chaetomium globosum, during a 4 month soil microcosm experiment. The persistence of each of the three fungal strains inoculated separately into intact soil microcosms was determined by PCR analyses of DNA directly extracted from soil. Presence and absence data based on standard PCR and quantification of the target DNA by real-time PCR showed that all three strains declined after inoculation (~14-, 32-, and 4-fold for A. niger, A. oryzae, and C. globosum, respectively) but remained detectable at the end of the experiment, suggesting that these strains would survive for extended periods if released into nature.
Introduction
Microorganisms have diverse biotechnological applications, ranging from biocontrol agents in agricultural and forestry settings to industrial-scale fermentation processes. Many of these applications involve strains that are genetically modified or are non-native and potentially invasive, and the environmental release of such organisms is increasingly of concern to the public and governmental regulatory bodies. For these reasons, standardized methods to detect and monitor the persistence of specific microbial strains in the environment are currently being developed and validated. In a broader context, strain-specific detection protocols could be used in a variety of ecological studies and used to monitor the transport and persistence of emerging virulent microbial strains or invasive species.
Techniques available for detecting and enumerating target microorganisms from a defined environment vary from viability culturing methods, such as selective plating and most probable number determinations, to molecular methods that may involve DNA hybridization and polymerase chain reaction (PCR)-based procedures. In these studies, modified and (or) marked strains derived from the microorganism under study are often employed as surrogates to unambiguously distinguish the target strain from other indigenous microorganisms. Commonly employed markers include resistance genes towards antibiotics or heavy metals and (or) genes for easily visualized phenotypes, such as β-galactosidase, bioluminescence, and green fluorescent protein (reviewed in Jansson et al. 2000; Maukonen et al. 2003) . Alternatives to genetic marking of strains are being sought, especially since markers may put a metabolic load on microorganisms and could thus adversely affect the survival characteristics of surrogates. Furthermore, from a regulatory standpoint, the environmental release of marked strains, especially those that receive antibiotic resistance genes, can be restricted.
Soil is a highly heterogeneous medium with a complex biota. More than 10 6 bacterial species (Curtis et al. 2002) , as well as invertebrates, plants, and protists may cohabit soil environments, and Bridge and Spooner (Bridge and Spooner. 2001) estimate that there are at least 8 × 10 4 fungal species that spend a portion of their life cycle in soil habitats. Considering that each of the thousands of soil-dwelling species is represented by multiple genotypes, monitoring specific fungal strains in this environment is a difficult task. Molecular methods to identify and enumerate fungi in soil have been described (Atkins et al. 2003; Bridge and Spooner 2001; Heinz and Platt 2000; Hintz et al. 2001; Schmidt et al. 2003) , but these methods are often species specific and not designed to detect individual strains. Likewise, procedures that rely on recovering introduced fungal strains by taking advantage of antibiotic resistance, either innate or introduced (Providenti et al. 2004) , or the ability of a microbe to utilize a particular carbon source may not be strain-specific. Approaches that aim to detect specific genotypes using highly sensitive PCR-based methods have been developed based on sequences derived from randomly amplified polymorphic DNA (Bulat et al. 2000; Castrillo et al. 2003; Dauch et al. 2003; Hermosa et al. 2001; Lecomte et al. 2000) . These methods may also involve preliminary enrichment culturing, with or without selection, to increase sensitivity and may not be strain specific (Abbasi et al. 1999; Li et al. 1999; Weber et al. 2002) .
One challenge in developing alternative methods for tracking microorganisms is to rapidly acquire markers for specific and sensitive detection of a target organism in complex environmental samples. Markers based on amplified fragment length polymorphisms (AFLPs; Vos et al. 1995) have potential in this respect. In brief, the AFLP technique involves a complete digestion of genomic DNA (usually with two different restriction enzymes), ligation of adaptors to the restriction fragments, and subsequent PCR amplification with primers that anneal to the adapters. A final PCR with primers that contain arbitrarily selected nucleotides at the 3′ ends reduces the number of fragments amplified. The fragments generated by AFLP vary among closely related strains based on restriction site differences, differences in bases 3′ to the restriction site, and differences in DNA sequence polymorphisms within the fragments. AFLPs are highly reproducible and amenable to a wide range of applications and DNA sources. For these reasons, the method has steadily gained popularity in applications, including genetic mapping (reviews in Mueller and Wolfenbarger 1999; Savelkoul et al. 1999) , medical diagnostics (Borst et al. 2003; Klaassen et al. 2002; van den Braak et al. 2004 ), genetic diversity and phylogenetic studies (Bakkeren et al. 2000; Doignon-Bourcier et al. 2000; Lee et al. 2004; Mougel et al. 2002; Rademaker et al. 2000; Tredway et al. 1999) , plant breeding (Maughan et al. 1996) , and environmental management studies (Lucchini 2003) . In addition, AFLPs can be used to identify organisms that are otherwise difficult to differentiate by 16S rDNA sequencing (Radnedge et al. 2003; Ticknor et al. 2001 ) and other fingerprinting methods (Majer et al. 1996) . Furthermore, similarly sized AFLP amplicons from different individuals of a single species can contain significant internal sequence differences (Mechanda et al. 2004; Oakley et al. 1987; Wong et al. 2001) , possibly because AFLPs predominantly originate in noncoding regions of the genome.
In this study, we tested whether markers of fungal strains can be obtained from arbitrarily selected AFLPs that are functionally specific within the context of soil microcosms. Furthermore, because filamentous fungi are not amenable to enumeration by standard microbiological methods used in environmental persistence studies, we determined whether AFLP-derived markers could be used to monitor and quantify representative fungal strains in simulated soil ecosystems (Gagliardi et al. 2001) with PCR-based methods that analyze directly extracted soil DNA. We tested our method with Aspergillus niger, Aspergillus oryzae, and Chaetomium globosum, three industrially prominent species that may impact soil environments upon release from fermentation systems. All three fungal species have been placed on the Domestic Substance List under the Canadian Environmental Protection Act and must, therefore, be assessed to determine if they persist in the environment and (or) are potentially toxic or pathogenic (CEPA 1999) . Aspergillus niger is used to manufacture a variety of organic acids and enzymes and is used for bioleaching and bioremediation processes (reviewed in Bapat et al. 2003) . Aspergillus oryzae differs from its close relative Aspergillus flavus by not producing aflatoxin (Geiser et al. 2000) . Aspergillus oryzae has been used for centuries in the production of fermented foods, such as soja sauce, koji, and miso, and has other applications as a producer of enzymes and organic acids and as a livestock feed supplement (Blumenthal 2004; te Biesebeke et al. 2002) . Chaetomium species, including C. globosum, are used in the production of thermostable cellulases and as biological control agents of plant pathogens (Reissinger et al. 2003; Umikalsom et al. 1997) . Chaetomium globosum has also been implicated in human mycoses (reviewed in Serena et al. 2003) . Despite their widespread use, little is known about the fate of these or other industrially relevant fungi upon their release into the environment.
Materials and methods

Strains, growth conditions, and molecular methods
The fungal strains used in this study were all obtained from Agriculture and Agrifood Canada (Ottawa, Ontario, Canada). Aspergillus niger CCFC007290 was originally collected from soil in termite nests located in Toronto, Ontario, Canada, A. oryzae CCFC008014 is from R.A. Samson at the Centraalbureau voor Schimmelculture (Utrecht, Netherlands), and C. globosum CCFC008022 was originally isolated from soil in British Columbia, Canada. The strains were cultured with potato dextrose agar or broth (Difco Laboratories, Oakville, Ontario, Canada) at 22-30°C. Molecular manipulations, such as preparation of plasmid DNA, restriction digestions, ligations, and agarose electrophoresis, were performed according to standard protocols (Sambrook et al. 1989) . DNA was isolated from each fungal strain using a protocol described previously (Oakley et al. 1987) . Restriction enzymes were purchased from New England Biolabs (Mississauga, Ontario, Canada), and T4 DNA ligase and Taq polymerase were from Invitrogen (Burlington, Ontario, Canada) and used according to manufacturer's recommendations. Unless otherwise stated, PCRs were conducted in a T-gradient Thermocycler (Biometra, Montreal Biotech, Montréal, Quebec, Canada) in a total volume of 20 µL using a concentration of 10 pmol for each primer. Specific reaction conditions varied depending on the application and are described below. Oligonucleotide primers were synthesized by SigmaGenosys (Oakville, Ontario, Canada).
Generation of AFLP markers
AFLP fragments were generated as in Vos et al. (1995) using the Small Genome kit (Life Technologies, Burlington, Ontario, Canada) with minor modifications, as detailed below. MseI and EcoRI digestion of genomic DNA and ligation of double-stranded adaptors were completed in a one-step reaction (37°C, 2 h) using 0.5-1.0 µg of DNA, 2.2 µL of 5× ligase buffer, 1.1 µL of 0.5 mol/L NaCl, 0.5 µL of 1 mg/mL bovine serum albumin, 1 µL of 50 µmol/L MseI adaptor, 1 µL of 5 µmol/L EcoRI adaptor, 0.25 µL MseI, 0.25 µL EcoRI, and 0.33 µL of T4 DNA ligase, and then adding water to a total volume of 11 µL. The adaptor ligation reaction was then diluted 10-fold for use in the preselective PCR (4.5 µL DNA solution, 1× PCR buffer, 1.5 mmol/L MgCl 2 , 1 µmol/L dNTPs, 2.75 µmol/L EcoRI preselective primer (E: 5′ -GTAGAC TGCGTACCAATTC-3′ ), 2.75 µmol/L MseI preselective primer (M: 5′ -GACGATGAGTCCTGAGTAA-3′ ), and 3 U of Taq polymerase in a total volume of 20 µL). The preselective PCR included an initial denaturation of 95°C for 3 min, which was followed by 20 cycles (each) of 94°C for 20 s, 56°C for 30 s, and 72°C for 2 min, and then a final extension of 10 min at 72°C. The preselective PCR products were diluted 10-fold for use in the selective PCR. The selective primers were M-CTC and E-TG, and the PCR mix was as for the preselective PCR. The selective PCR included an initial denaturation of 94°C for 3 min, which was followed by 10 cycles (each) of 94°C for 20 s, 66°C for 30 s (with a decrease of 1°C in each successive cycle), and 72°C for 2 min; then 20 cycles each of 94°C for 20 s, 56°C for 30 s, and 72°C for 2 min; with a final extension of 10 min at 72°C. PCR products were visualized with ethidium bromide staining following electrophoresis in 1.5% (m/v) agarose gel.
Primer design and testing the specificity of primer pairs
AFLP amplicons generated in the selective PCRs from each strain were cloned into pCR2.1-TOPO (Invitrogen), according to the manufacturer's instructions, and three randomly selected cloned inserts from each species were sequenced using the vector-specific M13F and M13R primers (Macrogen, Seoul, Korea). DNA sequences were analyzed using the BLAST network service (Altschul et al. 1990 ) of the National Centre for Biotechnology Information (Bethesda, Maryland, USA; http://www.ncbi.nlm.nih.gov) to determine whether any had homologs in sequence databases and (or) contained open reading frames (ORFs). Primers targeting internal sequences of the AFLPs were designed using DNAMan (Lynnon Biosoft, Vaudreuil, Québec, Canada). The primers were designed to have relatively high annealing temperatures (≥ 60°C) and to produce amplicons of less thañ 350 bp to reduce chances of generating nonspecific PCR products and to allow for quantitative PCR analyses (see below).
Primer specificity was initially tested using 50 ng of directly extracted total soil DNA from six independent, uninoculated cores (Table 1) obtained from the Agriculture Canada Experimental Farm. DNA was extracted as described below. Four cores were of Soil 1 (the soil used in this study comprising 12% clay) and one core each of two adjacent soils, Soil 2 (22% clay) and Soil 3 (30% clay). The three soils are described in detail elsewhere (Providenti et al. 2004 ). In addition, each primer pair was tested in PCR reactions that contained 1 ng of genomic DNA from the two other nontarget fungal strains. Three primer pairs that appeared suitable based on these preliminary tests (targeting AFLPs An5, Ao2, and Cg1; Table 1 ) were further tested against DNA extracted from 10 additional uninoculated soil cores: six cores of Soil 1, two of Soil 2, and two of Soil 3. For all PCRs, positive controls were amplified in parallel using 1 ng of genomic DNA from the appropriate target strain added to 50 ng of the respective soil DNA extract. These positive controls ensured that the absence of an amplicon from soil DNA was not due to presence of PCR inhibitors, which can co-extract with soil-derived DNA and interfere with amplification. Unless otherwise noted, PCR conditions were as follows: 95°C for 3 min and then 40 cycles each of 95°C for 20 s, 60°C for 30 s, and 72°C for 30 s.
Persistence studies in soil microcosms
Environmental persistence studies of the three fungal strains were conducted using laboratory-contained, intact soil-core microcosms (Gagliardi et al. 2001) . Soil cores were separately inoculated with aqueous suspensions of live or chemically killed hyphal fragments from each strain, as described in detail elsewhere (Providenti et al. 2004 ). In brief, intact cores (~15 cm long, 5 cm diameter) of Soil 1 were obtained from the field and stored for less than 2 weeks at 4°C until they were used in microcosm experiments. Inoculum was prepared by growing each strain in potato dextrose broth for up to 3 weeks before hyphal mats were harvested by vacuum filtration, resuspended in sterile water, and fragmented at high speed in a Waring Blender (two 45 s pulses), after which hyphal fragments were pelleted by centrifugation (1500g, 10 min). For chemically killed inoculum, hyphal fragments were mixed with an excess of benzalkonium chloride (200 mg/L, Sigma-Aldrich, Mississauga, Ontario) for 12 h, washed five times with sterile dH 2 O, and then pelleted by centrifugation (1500g, 10 min) before inoculating DNA extracts (50 ng/reaction) from six independent soil cores were tested: four cores were from the soil used in this study (Soil 1a through 1d) and two were from adjacent plots (Soil 2 and Soil 3). As positive controls, genomic DNA (gDNA, 1 ng/reaction) from the target strain was used as a PCR template in water and with DNA extracted from Soil 1a. +, indicates that an amplicon only of the predicted size was observed; -, indicates that no amplicon was observed. soil cores as described below. Hyphal fragments for live inoculum were washed three times and resuspended in sterile water. The final concentration of inoculum was~0.35 g (wet mass)/mL, and 2 mL of this suspension was inoculated into a region within the top~1.5 cm of each intact soil core. This established three sets of soil cores, 36 for each fungal strain (24 inoculated with live inoculum and 12 with dead). Inoculated cores (along with a set of uninoculated cores, which served as negative controls) were then incubated in a growth chamber (Conviron, Winnipeg, Manitoba, Canada) set to 12 h light : 12 h dark cycle, 22°C, and 80% relative humidity and were watered every 2-3 days to maintain soil moisture. Soil cores with live inoculum were sampled over a 4 month period by randomly selecting three cores for each strain on days 0, 2, 7, 14, 28, 49, 77, and 126. This represents the approximate duration of a growing season in the Ottawa region. Soil cores with dead inoculum were sampled on days 0, 2, and 7, by which time no PCR markers were detectable. At each sampling date, the top~6 cm of soil was removed intact from the corer with a soil extruder (Providenti et al. 2004) , divided into two equal 3 cm sections (70-100 g soil for each), transferred into separate plastic bags, and homogenized by hand. Total DNA was extracted immediately or soil was stored at -20°C until processing. Total DNA was extracted from 10 g aliquots of soil by a bead-mill homogenization method (Providenti et al. 2004) . Crude soil DNA extracts were then purified by passage through 1 mL of a slurry of acid-washed insoluble polyvinylpolypyrrolidone (Sigma-Aldrich, Oakville, Ontario, Canada; prepared as described in Holben et al. (1988) ) in a 2 mL spin column (BioRad, Mississauga, Ontario, Canada), and concentrations of DNA were determined by fluorescence using PicoGreen (Molecular Probes, Eugene, Oregon), according to the manufacturer's instructions.
PCR analyses of soil DNA extracts
Soil DNA extracts were analyzed for A. niger, A. oryzae, and C. globosum target sequences with primer pairs targeting An5, Ao2, and Cg1 (Table 1) , respectively. Soil DNA extracted from uninoculated cores were used as negative controls. For qualitative assessments, 50 ng of DNA extracted from soil was analyzed by PCR as described above in the primer specificity studies. PCR amplicons were then resolved by agarose electrophoresis and scored based on whether products of the correct size were present.
For quantitative assessments, DNA extracted from soil cores sampled on days 2, 14, 49, and 126 were analyzed by realtime PCR using a RotorGene 3000 with software version 5.0.0.47 (Corbett Research, Australia). Reaction mixes (20 µL final volume) included 10 µL of Quantitect SYBR Green PCR master mix (Qiagen, Mississauga, Ontario, Canada), a 0.3 µmol/L concentration of each primer, and 50 ng of soil DNA. Cycling conditions were as follows: 95°C for 15 min, which was followed by a maximum of 55 cycles (each) of 95°C for 20 s, 60°C for 30 s, and 72°C for 30 s (although most PCRs were completed by 30 cycles). Fluorescence data was acquired at the end of each 72°C extension step on the SYBR channel (excitation at 470 nm, detection at 510 nm with a high pass filter) at gains varying between 8 and 10 (most often at 9.33) and a threshold manually set at 0.1. Specificity of all PCR amplification products was monitored by melting curve analysis, acquired on the SYBR channel immediately following qPCR at a ramping rate of 1°C/5 s from 50 to 99°C with continuous fluorescence recording. Melting temperatures were visualized by plotting the second negative derivative of fluorescence against temperature.
Concentrations of target DNA in soil-core DNA samples were estimated as follows. A 10-fold dilution series of a 319 bp DNA fragment (referred to as cPCR) was made from 10 -2 to 10 -7 ng/µL and amplified with primers TRP and KHPH3 (cPCR template and primers are described in Providenti et , presence or absence of Ao2 amplicons from polymerase chain reaction (PCR) of DNA extracted from each of 10 soil cores inoculated with live Aspergillus oryzae, and from one uninoculated soil core (C). Soil-core DNA samples are designated by sample day, core number, and sample depth (T, 0-3 cm depth; B, 3-6 cm depth). For example, 0.1 B is a sample from day 0, core 1, 3-6 cm depth. Complete presence or absence data are given in Table 2 . (lanes 1 and 4) , Aspergillus oryzae (lanes 2 and 5), and Chaetomium globosum (lanes 3 and 6) generated with the preselective (lanes 1-3) and selective (lanes 4-6) primers. Lane M, 100 bp size standard.
Fig. 1. Amplified fragment length polymorphism (AFLP) patterns from Aspergillus niger
al. 2004) and a curve relating threshold cycle value to nanograms of DNA was constructed by linear regression analysis. Similarly, we obtained standard curves with amplicons An5, Ao2, and Cg1, and these were not significantly different from that of the curve for cPCR with respect to slope (ANCOVA, F 3,48 = 0.02 (P > 0.99)) and elevation (ANCOVA, F 3,48 = 0.65 (P > 0.58)). Therefore, to simplify analyses, the cPCR standard curve was used to calculate target DNA concentration for each strain. The cPCR dilution series was amplified in parallel at each qPCR to ensure that changes in threshold cycle over time were not because of run-to-run PCR variations. The possibility that PCR inhibitors may have co-purified with DNA extracted from soil was evaluated by adding 10 -8 ng of cPCR template DNA to 50 ng of each soil DNA sample and by performing qPCR on each of these cPCR-spiked soil DNA samples with primers KHPH3 + TRP. Threshold cycle values were compared with those in which 10 -8 ng of cPCR template was amplified in water. The ratio of observed cPCR concentration in water to observed cPCR concentration in soil was used as a correction factor for a given soil DNA extract when calculating the target DNA concentration. Final concentrations are given in nanograms of target DNA (based on qPCR, after correction for PCR inhibition) per nanogram of total soil DNA analyzed in the qPCR.
Nucleotide sequence accession numbers
The nucleotide sequences reported in this paper have been deposited in the GenBank database under accession Nos. AY646436 (for An13), AY646437 (for An5), AY646438 (for An6), AY646439 (for Ao1), AY646440 (for Ao2), AY646441 (for Ao3), and AY646442 (for Cg1).
Results
Generation of AFLPs and functional specificity tests
Each of the three fungal strains had a distinct, reproducible AFLP pattern (Fig. 1) in three independent trials. A total of nine randomly selected AFLP fragments were analyzed and are referred to as An5 (394 bp), An6 (340 bp), and An13 (986 bp) from A. niger; Ao1 (355 bp), Ao2 (1067 bp), and Ao3 (386 bp) from A. oryzae; and Cg1 (665 bp), Cg2 (665 bp), and Cg3 (667 bp) from C. globosum. Cg1, Cg2, and Cg3 had inserts of nearly identical size and sequence and therefore only Cg1 was carried forward for further analysis. An13 contained a 328 amino acid portion of an ORF that was~51% identical to the heterokaryon incompatibility gene, het-e, of the fungus Podospora anserina (accession No. AF323584). The remaining six cloned AFLP fragments had no significant matches in the sequence database (all E values were >0.5) nor did they appear to contain any large internal ORFs.
For Cg1, three sets of primer pairs were designed to amplify regions of the same clone (Cg1-F + Cg1-R, Cg1A-F + Cg1A-R, and Cg1B-F + Cg1B-R; Table 1 ). For the six other cloned AFLP products, single primer pairs targeting internal sequences were designed (Table 1) . Initial PCR analyses with DNA extracts from six uninoculated cores indicated that three of the nine target sequences occurred naturally in some of the soil samples (Table 1) . Despite multiple attempts, primer pair Ao3-F + Ao3-R did not generate a product, even with positive controls, and thus was not studied further. The primer pairs targeting An5, Ao2, and Cg1 were among those that did not amplify products from any of the six uninoculated soil samples and were therefore selected for further tests. PCR amplifications with DNA extracts from an additional 10 independent uninoculated soil cores did not generate products with any of these three primer pairs, whereas amplicons of the predicted size were produced when each soil DNA sample was spiked with positive control DNA (data not shown). This indicated that these primer pairs provided functionally strain-specific markers that may be suitable for monitoring the environmental fate of the respective target strain in soil microcosm experiments.
Persistence trends in intact soil-core microcosms.
During an initial qualitative analysis of DNA extracts from inoculated soil cores (Fig. 2) , single amplicons of the expected size were generated for all strains in the top 3 cm sections of a majority of the cores (68 of 72; Table 2 ). The strains were also detected in the 3-6 cm region of soil cores but at a lower frequency (10 of 72 cores; Table 2 ).
qPCR was used to more precisely enumerate the target strains in the top 3 cm sections of the soil cores and to provide an estimate of their abundance and survival kinetics. Figure 3 illustrates several aspects of the quantitative PCR experiments. Figure 3A shows qPCR results with the Ao2 primer pair and a 10-fold dilution series of A. oryzae genomic Figure 3A shows qPCR data used for constructing standard curves. Shown are fluorescence values during qPCR with the Ao2 primer pair over a 10-fold dilution series of Aspergillus oryzae genomic DNA. Figure 3B provides qPCR curves at threshold fluorescence for selected soil-core DNA samples extracted 2, 14, 49, and 126 days after inoculation with A. oryzae. Sampling days are given across the top of the figure. Figure 3C illustrates the method used to test for inhibition of PCR by soil DNA extracts. The cPCR DNA template (1 ng) was added to water (two dark lines from independent qPCR experiments) and to 50 ng of soil DNA (grey lines represent qPCR from eight A. oryzae soil DNA extracts). Presence of soil DNA extract resulted in a slightly lower cPCR amplification efficiency as indicated by lower maximum fluorescence, and~0.87 additional cycles to reach threshold over that of the water controls (mean ± SD for cPCR in soil DNA extract = 31.05 ± 1.18, n = 36; for cPCR in water = 30.18 ± 1.11, n = 5). In Fig. 3D , melting curves are presented for each of five qPCR amplicons from Aspergillus niger (An), A. oryzae (Ao), and Chaetomium globosum (Cg) soil cores and of cPCR (Tr) template in water. Melting point values for A. niger, A. oryzae, and C. globosum targets from soil samples (mean ± SD) were 85.47 ± 0.12°C (n = 12, two independent qPCR experiments), 86.89 ± 0.14°C (n = 10, three qPCR experiments), 88.5 ± 0.00°C (n = 12, two qPCR experiments), respectively, none of which had a greater variance than melting points of cPCR amplicons generated in water (85.82 ± 0.14°C, n = 30, five qPCR experiments).
template DNA was in water (n = 5). Figure 3D corroborates results described above that indicated primer pairs were specific for the respective target organism. Amplicons generated by qPCR with soil DNA samples had unique melting curves that were indistinguishable from those of the respective target amplicons generated in water controls. A mix composed of different amplicons would likely be evident as multiple peaks, or a flattened curve, since a difference of 2% GC content results in a 1°C change in melting temperature under our experimental conditions (data not shown).
After accounting for the relative PCR inhibitory characteristics of each soil DNA sample (see Materials and methods), qPCR data were converted to average concentration of target DNA for that sampling day (relative to the total amount of soil DNA analyzed), and the results are summarized in Fig. 4 . In experiments with live inoculum, target DNA concentrations decreased after day 2, to a minimum by day 14 for C. globosum and by day 46 for A. niger and A. oryzae. By the end of the 126th day of incubation, A. niger, A. oryzae, Note: +, amplicon detected; -, amplicon not detected. 1, 2, and 3 refer to core number for each sampling day. *Soil core regions from surface to 3 cm depth (top) and from 3 to 6 cm depth (bottom). and C. globosum had declined~14-, 32-, and 4-fold, respectively, relative to levels measured on day 2. Soil cores inoculated with dead inoculum from A. niger and C. globosum yielded amplicons on days 0 and 2 but not on day 7. Amplicons from dead inoculum of A. oryzae were present on day 0 but not on days 2 or 7.
Discussion
In this study, we describe a simple alternative for obtaining functionally strain-specific genetic markers for environmental persistence studies. The development of methods to monitor and track microbial substances in the environment is becoming increasingly relevant to health and safety issues. We hypothesized that AFLPs represent highly variable regions of the genome that would thus generate appropriate functionally specific markers that would be appropriate for monitoring the presence and abundance of fungal strains in soil. Six of the seven unique AFLP fragments that we sequenced had no homologues in databases and did not appear to contain significant ORFs. Results with primers for An13 indicate the utility of selecting sequences that apparently do not code for proteins. As noted above, An13 is similar to het-e of P. anserina, and the primer pairs targeting internal regions of this AFLP produced amplicons in all uninoculated soil DNA samples analyzed. To determine whether the AFLP-based markers were functionally specific, we tested whether uninoculated soil samples yielded amplicons. We found that five of eight primer pairs were strain specific, so far as they produced amplicons from the respective target fungal strains but not from soil DNA extracts, unless the target strain was added to the soil or genomic DNA from the target organism was added to the PCR reaction. Thus, we base our specificity tests on environmental blanks rather than, for example, testing multiple strains of the same species, which may not be pertinent to the environmental sample(s) under study. In support of our functional test of specificity, we subsequently searched for our C. globosum AFLP sequences in the C. globosum genome sequence released by the Broad Institute after completion of this study. The Cg1 AFLP fragment was 88% identical to a region within contig1.459 of the genome sequence (gb|AAFU01001002.1|), with an average of 6.9 ± 4.0 mismatches in each 60 bp along the 665 bp Cg1 fragment. All but one primer, Cg1A-R, had at least one mismatch to the genome sequence. However, we found that only primer pair Cg1-F + Cg1-R did not produce amplicons from uninoculated soil samples. Primer Cg1B-F had three mismatches to the genome sequence and was, nevertheless, nonspecific in that it produced amplicons from uninoculated soil DNA samples. For complex environmental samples, we maintain that a functional test of specificity is more relevant than testing for amplicons with a limited set of strains. It should be noted, however, that while the markers developed in the present study were strain specific in the context of our soil DNA extracts, they may be more common in DNA extracted from other sites or where the target strains were originally collected.
We show that the functionally specific primers developed in this study can be used to monitor the persistence of industrially relevant fungi in simulated environmental settings. Both qualitative and quantitive PCR analyses indicated that the three strains representing A. niger, A. oryzae, and C. globosum declined in abundance initially but all clearly persisted after 4 months incubation (Fig. 4) . The initial decrease in abundance that was detected may indicate that inoculum levels were greater than the "holding capacity" of the soil. After this initial decrease, abundance values for all three strains appear to reach an equilibrium that is well above the experimental detection limits. Furthermore, each strain appears to persist near the soil surface or close to the region of inoculation, although some horizontal movement may occur during inoculation or because of other processes such as hyphal growth or watering. Previous studies showed that the persistence trends of bacterial species in the soil microcosm system used here accurately reflected results from field trials (Gagliardi et al. 2001) . We therefore predict that the fungal strains examined in this study would likely survive in the environment for the equivalent of at least one growing season.
These observed persistence trends for A. niger, A. oryzae, and C. globosum closely matched those observed for Trichoderma reesei in soil microcosms (Providenti et al. 2004 ). This previous study showed that strain QM6A decreased in abundance initially in soil microcosms but remained detectable by PCR over a period of 6 months (including a mock over-winter period). Similar to results presented here, the PCR signal from chemically killed T. reesei inoculum disappeared within 3 days. Therefore, the persistence of the three fungal strains observed in the present study is likely associated with the detection of viable cells in the soil microcosms and not simply DNA harboured by dead cells.
That fungi used in industrial applications can survive in a highly competitive soil environment is somewhat surprising. The results presented here suggest that if released into the environment without proper attenuation, all three of the industrially relevant fungi tested in this study would survive for at least one season. The environmental persistence of fungi used in industry may concern regulatory agencies involved in risk assessment and companies that may lose proprietary strains to competitors if predisposal practices do not involve effective sterilization of spent biomass.
